Endometriosis an important cause of female infertility and seriously impact physical and psychological health of patients. Endometriosis is now considered to be a public health problem that deserves in-depth investigation, especially the etiopathogenesis of endometriosis-associated infertility. We aimed to illuminate the etiopathogenesis of endometriosis-associated infertility that involve excessive oxidative stress (OS) induced pathological changes of ovary cumulus granulosa cell (GCs). Senescence-associated β-galactosidase (SA β-gal) activity in GCs from endometriosis patients, soluble isoform of advanced glycation end products receptor (sRAGE) expression in follicular fluid from endometriosis patients and differentially expressed senescence-associated secretory phenotype factors (IL-1β, MMP-9, KGF and FGF basic protein) are all useful indexes to evaluate oocyte retrieval number and mature oocyte number. RNA-sequencing and bioinformatics analysis indicated senescent phenotype of endometriosis GCs and aggravated endoplasmic reticulum (ER) stress in endometriosis GCs. Targeting ER stress significantly alleviated OS-induced GCs senescence as well as mitochondrial membrane potential (MMP) and adenosine triphosphate (ATP) reduction in GCs. Moreover, melatonin administration rescued OS-enhanced ER stress, cellular senescence, and MMP and ATP abnormities of endometriosis GCs in vitro and in vivo. In conclusion, our results indicated excessive reactive oxygen species induces senescence of endometriosis GCs via arouse ER stress, which finally contributes to endometriosis-associated infertility, and melatonin may represent a novel adjuvant therapy strategy for endometriosis-associated infertility.
Introduction
Endometriosis is a common estrogen-dependent gynecological disorder characterized by the presence of functional endometrial-type mucosa outside the uterine cavity that affects up to 50% of infertile women of reproductive age [1] . The altered follicular microenvironment in endometriosis patients is a contributing factor to infertility [2] . Oxidative stress (OS) or the imbalance between reactive oxygen species (ROS) and antioxidants in the follicular microenvironment is an important factor that induces endometriosis-associated infertility and has been speculated to negatively affect folliculogenesis, oocyte maturation, ovulation and embryogenesis [3, 4] . GCs in the follicular microenvironment are in the immediate vicinity of oocytes and play a critical role in the competency of oocyte via direct gap junctions [5] . Moreover, well-orchestrated cross talk between oocytes and surrounding granulosa cells (GCs) determines oocyte competency, female fertility and outcomes of assisted reproductive therapy [2] . However, current research about the impacts of OS on GCs is inadequate and indirect.
Senescence is a stress response that occurs via a highly conserved mechanism to prevent cells from various stress-induced damage including OS, genotoxic damage and inflammation stimuli [6] . Senescent cells are characterized by irreversible cell cycle arrest and distinctive metabolic activity that generates numerous soluble factors, a phenotype termed senescence-associated secretory phenotype (SASP). SASP factor impacts adjacent cells by chronically disturbing the microenvironment in an autocrine or paracrine manner [7] . The widely accepted "free https://doi.org/10.1016/j.redox.2020.101431 Received 12 December 2019; Received in revised form 6 January 2020; Accepted 10 January 2020 radical theory" explains ageing as a consequence of oxidative damage and indicated ROS as the driving force of senescence [8, 9] .
Excessive ROS frequently disturbs normal redox homeostasis in the endoplasmic reticulum (ER), usually inducing ER stress, which provokes the unfolded protein response (UPR) by activating genes encoding factors involved in protein folding and antioxidative machinery to restore ER homeostasis [10] . However, during unresolved UPR, persistent ER stress and excessive OS interact and reinforce each other in a positive feedback manner [10] . Emerging evidence has shown that ROS induced ER stress determinate cell state or fate, like autophagy, apoptosis, or senescence [10, 11] . In addition, overactive ER stress and accumulation of misfolded proteins occur concomitantly with senescence and participate in the onset or maintenance of senescent features [12] . Whether excessive ROS in the follicular microenvironment in endometriosis enhance GCs senescence by activating ER stress is unknown.
Although telomere attrition, oncogene activation or inactivation all have been considered as inducers of cellular senescence, excessive ROS and ER abnormal UPR are the only unremitting perturbation events that occur in the onset, aggravation, and maintenance of the senescent phenotype [12] . The most accepted theory of follicle senescence emphasize reduced ability of GCs to counteract ROS as causative factors [13] , which finally result in reduced follicle number, compromised follicle quality and aberrant reproductive endocrinology in ovary [14] . Whether GCs senescence plays a role in endometriosis, which is also associated with excessive OS, is unclear.
Here we explored the etiopathogenesis of endometriosis-associated infertility that involves excessive OS-induced pathological changes in cumulus GCs. We speculated that OS drives ER stress and mitochondrial dysfunction of GCs in endometriosis and eventually induces cellular senescence and generates SASP in the follicle. Studying ROS-related mechanisms that trigger cellular senescence and clarifying pathological changes in GCs in endometriosis may help develop new strategies to improve follicle quality and pregnancy outcome.
Material and methods

Study approval
This study was initiated on March 3, 2016 and terminated on September 28, 2019. The study was approved and monitored by the ethics committee of Sir Run Run Shaw Hospital, Zhejiang University. Informed written consent was obtained from each patient before sample collection. Female or male ICR mice were maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the experiments were approved by the Committee of Experimental Animal Ethics, Zhejiang University.
Controlled ovarian stimulation
We enrolled a total of 258 infertile patients, including 131 patients with both laparoscopic and histological diagnosis of deeply infiltrating endometriosis and 127 controls with tubal infertility at the Sir Run Run Shaw Hospital, Zhejiang University School of Medicine. All patients were treated with identical protocols this cycle for controlled ovarian stimulation with standard gonadotrophin-releasing hormone agonist combined with human menopausal gonadotropin (hMG) protocol. Detailed inclusion and exclusion criteria and assisted reproductive treatment procedures are described in the Supplementary Information.
Human follicular fluid and GC collection
Follicular fluid (FF) was collected at the time of oocyte retrieval only from leading follicles with a diameter > 18 mm. GCs were mechanically removed by cutting the cumulus layer of each leading oocyte and washing twice in phosphate buffer saline (PBS) followed by centrifugation (800 rpm for 5 min at 4°C). Detailed procedures are presented in the Supplementary Information. Demographics, clinical characteristics and outcomes of patients are listed in Supplementary  Table 1 .
Cell lines and treatments
Human GC lines KGN and COV434 were purchased from American Type Culture Collection (Rockville, MD, USA). H 2 O 2 at 100 μM was used to induce oxidative stress. Cells were treated with or without 100 μM H 2 O 2 for 24 h or pretreated with 100 μM melatonin for 8 h followed by 100 μM H 2 O 2 for 24 h. Cells were treated with TUDCA at 1 mg/mL for 12 h before 100 μM H 2 O 2 treatment for 24 h.
Flow cytometry assay of ROS
Intracellular ROS levels in GCs were examined using 2′-7′-dichlorodihydrofluorescein diacetate (DCFH-DA)-based flow cytometry according to the manufacturer's instruction (S0033, Beyotime Biotechnology, Shanghai, China). Detailed procedures are presented in the Supplementary Information.
Western blot
Western blot analyses were performed as usual procedures. Antibodies are listed in Supplementary Table 2 . Detailed procedures are presented in the Supplementary Information.
SA β-gal assay
SA β-gal assay was carried out according to the manufacturer's instruction (C0602, Beyotime Biotechnology). Freshly collected GCs were seeded on 12-well plates at a density of 5 × 10 5 cells/ml. After 24 h, cells were washed, fixed and stained in X-gal solution overnight at 37°C. Cells were imaged and photographed using a microscope (IX70, Olympus, Japan).
Cellular senescence quantitative assay
Senescence quantitative assay was performed in 30 control GCs and 32 GCs from endometriosis patients using the 96-well Cellular Senescence Assay Kit (CBA-231, Cell Biolabs, Inc., San Diego, CA, USA) according to the manufacturer's instruction. We lysed GCs and quantitated protein concentrations using the Pierce™ BCA Protein Assay Kit (23225, Thermo Scientific™, MA, USA) via a standard protocol. Equal amounts of protein were used to measure SA-β-gal activity. And the paired 30 control FF and 32 endometriosis FF were used for enzymelinked immunosorbent assay.
Enzyme-linked immunosorbent assay
We analyzed 38 control FF and 34 endometriosis FF samples for soluble isoform of advanced glycation end products receptor (sRAGE) using ELISA and another paired 30 control FFs and 32 endometriosis FFs for IL-1β, GRO-β/CXCL2, FGF basic, KGF/FGF-7, HGF, MMP-9, MMP-10 and G-CSF concentration [15] [16] [17] . Detailed information and procedures are presented in the Supplementary Information.
Detection of cellular ATP levels
ATP levels in GC lysates were measured using a luminometer (Synergy H4, BioTek Instruments, Inc., USA) according to the manufacturer's instructions (S0027, Beyotime Biotechnology). Total protein was extracted from GCs samples for normalization before ATP assay.
Flow cytometry assay of MMP
MMP in fresh collected GCs was detected using the JC-1 Assay Kit (C2006, Beyotime Biotechnology) combined with flow cytometry as described in the product manual. Relative MMP ratio was calculated as red fluorescence intensity/green fluorescence intensity. Cells without JC-1 staining were used as a negative control, and cells incubated with CCCP (10 μM) for 30 min were used as the positive control. The relative signal intensities of JC-1 aggregates and monomers were normalized to the control group.
Transmission electron microscopy
We examined 6 Control GCs and 6 endometriosis GCs samples, and 200 mitochondria were evaluated in at least 5 random sections for each sample; the average abnormal mitochondria rate in each group was calculated [18] . Detailed information and procedures are presented in the Supplementary Information.
RNA-seq and bioinformatics analysis
High throughput sequencing and bioinformatics analyses were conducted at RiboBio (Guangzhou, China). We first performed RNA-seq to compare the global gene expression profile between control GCs (n = 4) and endometriosis GCs (n = 5). PCA was then conducted. Volcano plot of differentially expressed mRNAs (DEMs) was generated using the gplots package in Bioconductor. DEMs with log2 (Fold Change) > 1 were labeled in red (P < 0.05); DEMs with log2 (Fold Change) < -1 were marked in green (P < 0.05). Only transcripts with more than two-fold change and a corrected P value less than 0.05 were considered statistically significant.
Gene set enrichment analysis (GSEA)
Because no gene set is available for SASP, we first pre-defined a SASP gene set based on various published microarray or sequencing analysis [15, 16] . The detailed SASP gene set list is presented in Supplementary Table 3 . Based on KEGG biological pathway database (http://www.genome.jp/kegg/) or Gene Ontology Consortium database (http://www.geneontology.org/), we performed GSEA (using GSEA 3.0, http://www.broadinstitute.org/gsea/) to explore the expression of gene sets related to OS, antioxidant metabolism, cell aging, cellular senescence, SASP, ER stress and UPR in control GCs and endometriosis GCs.
Establishment of the endometriotic mouse model
A total of 84 ICR mice (including 12 donors) were included in our study. A total of 24 endometriosis model mice were surgery-induced by mouse-mouse intraperitoneal implantation as described previously [19] , with modifications. Detailed information and procedures are presented in the Supplementary Information and Supplementary Fig. 1 .
Immunohistochemistry
Mice from each of the treatment groups (n = 6 per group) were examined. After four weeks, each mouse was intraperitoneally injected with pregnant mare serum gonadotropin (110914564, Sanshengsheng Biotechnology Co., LTD, Ningbo, China) for 48 h followed by chorionic gonadotrophin for 12-14 h before euthanasia. Ovaries were removed for immunohistochemistry. The endometriotic cysts were also excised and the volumes of endometriotic cysts were calculated as follows: V (volume) = LW2/2, in which L represents the largest length and W represents the smallest width. Antibodies are listed in Supplementary  Table 2 and detailed procedures are presented in the Supplementary Information.
Fertility assessment
Fourteen days after treatment, mice from each of the groups (n = 6 for each group) in estrus were separated and housed with fertile male mice (1:1) at the same day (re-defined as day 0). Vaginal plug was checked to confirm mating on the days after mating, and all female mice were used for recording births. Pup sizes were determined at 21 days after birth (the day of weaning). The fertility test proceeded over six months and detailed procedures are presented in Supplementary  Fig. 1 .
Statistical analysis
All experiments were conducted at least in triplicate. SPSS program version 19.0, Graph Pad Prism 5 software was used for statistical analysis. Statistical comparison between two groups was carried out using the unpaired Student's t-test after confirming the normal distribution of the data by One-Sample Kolmogorov-Smirnov Test or Mann-Whitney U Test. The comparison of continuous variables among groups was carried out by one-way ANOVA followed by LSD tests. Pearson correlation analysis was used to estimate the correlation between different clinical outcomes and independent variables of SA β-gal expression in GCs, sRAGE in FF or SASP factors expression based SASP score. P < 0.05 was considered statistically significant.
Results
Cumulus GCs from endometriosis patients show increased ROS and excessive OS
We first examined ROS levels in fresh collected in vitro fertilization (IVF) patient GCs by flow cytometry and found significantly increased intracellular ROS in GCs from endometriosis patients compared with control GCs (Fig. 1A, Fig. 1B ; P < 0.001). Excessive ROS accumulation in endometriosis GCs was also demonstrated at the protein level, as anti-oxidases inducible nitric oxide synthase (iNOS) and superoxide dismutase 1 (SOD1) were significantly reduced in these GCs compared with control GCs (Fig. 1C , Supplementary Fig. 2A ; P < 0.05).
Cumulus GCs in endometriosis patients show senescence phenotype
Free radical accumulation or free radical theory extended mitochondria defect associated OS is the most common inducer of cellular senescence [20, 21] . Moreover, DNA damage is a hallmark of OS-induced cell senescence [22] . We examined the expressions of DNA damage-associated proteins (p-BRCA1, p-ATM and p-CHK2) in human GCs and found that all proteins were notably increased in endometriosis GCs compared with control GCs (Fig. 1C , Supplementary Fig. 2A ; P < 0.05). These results suggested that GCs in endometriosis may undergo OS-induced DNA damage-associated senescence.
Senescence-associated β-galactosidase (SA β-gal) assays revealed increased SA β-gal activity in endometriosis GCs compared with control GCs ( Fig. 1D and E; P < 0.001). We also observed a negative correlation between SA β-gal activity of GCs from endometriosis patients and patient oocyte retrieval number and mature oocyte number by linear regression analysis ( Fig. 1F , R = 0.611 for oocyte retrieval number and R = 0.646 for mature oocyte number, both P < 0.001).
Cell cycle arrest is an important characteristic of senescent cells [6, 7] . We found that the percentage of GCs in G1 phase was significantly increased in the endometriosis group compared with controls ( Supplementary Fig. 2B , Supplementary Fig. 2C ; P < 0.01).
Soluble isoform of advanced glycation end products receptor (sRAGE) is a useful parameter of GC senescence that shows a protective function in follicular fluid via binding to oxidative ligands and interrupts advanced glycation end products receptor (RAGE)-mediated pathological conditions or intracellular signaling [23, 24] . sRAGE expression was significantly decreased in FF from endometriosis patients compared with FF from controls ( Fig. 1G , P < 0.05). Linear regression analysis showed positive correlations between sRAGE levels in endometriosis FF and endometriosis patient oocyte retrieval number and mature oocyte number ( Fig. 1H , R = 0.609 for oocyte retrieval number and R = 0.626 for mature oocyte number, both P < 0.001).
Our above results indicated that cumulus GCs in endometriosis patients show OS-induced senescence phenotype. Moreover, SA β-gal activity in endometriosis GCs and sRAGE levels in endometriosis FF are valuable parameters for indicating oocyte retrieval number and mature oocyte number in endometriosis.
Endometriosis patients show accumulated SASP factors in FF and increased senescence-associated protein expression in GCs
To more closely examine cumulus GC senescence in endometriosis, we investigated representative SASP soluble factors in FF from IVF patients using enzyme-linked immunosorbent assay. Although G-CSF, HGF, CXCL2, and MMP-10 concentrations showed no difference between endometriosis FF and control FF ( Supplementary Fig. 2D ), IL-1β and MMP-9 levels were significantly increased in endometriosis FF compared with control FF ( Fig. 1I , P < 0.001), while KGF and FGF basic protein expression were significantly decreased ( Fig. 1I , (caption on next page) X. Lin, et al.
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To identify the overall effects of differentially expressed SASP factors on follicle quality, we established a standardization and normalization model. Cumulative distribution function (CDF) is the probability that a corresponding continuous random variable has a value less than or equal to the argument of the function. CDF was calculated using NORMDIST (x, mu, sigma, TRUE) function in Microsoft Excel to standardize human IL-1β, MMP-9, KGF and FGF basic protein expression. SASP score was calculated as CDF (IL-1β) + CDF (MMP)-CDF (KGF)-CDF (FGF basic). Notably, a positive correlation was observed between SASP score and SA β-gal activity in GCs from endometriosis patients ( Fig. 1J , R = 0.512, P < 0.01), while correlations between SASP score and oocyte retrieval number and mature oocyte number were negative by linear regression analysis (R = 0.763 and 0.733, respectively) ( Fig. 1K , P < 0.001). These data demonstrated that GCs in endometriosis patients showed an abnormal SASP portfolio, and the SASP portfolio score negatively predicted the oocyte retrieval number and mature oocyte number of endometriosis patients.
Stress-associated senescence is characterized by accumulated expression of p16 INK4a , p21 CIPI/WAF1 and p-H2AX [22, 25] . Western blot revealed increased p16, p21, and p-H2AX levels in endometriosis GCs, indicating increased senescence ( Fig. 1L , Supplementary Fig. 2E ; P < 0.01).
Endometriosis GCs show decreased mitochondrial transmembrane potential (MMP), reduced ATP and increased abnormal mitochondria ratio
Excessive OS is thought to hamper mitochondria function and lead to MMP reduction and energetic crisis, accompanied by cellular senescence [26] . Moreover, mitochondrial dysfunction-associated loss of MMP and ATP supply are frequently detected in aging GCs [2, 18] . We thus examined MMP in GCs using JC-1 staining and flow cytometry. Immunofluorescence showed stronger green JC-1 monomer signal in endometriosis GCs than in control GCs, while the red fluorescence intensity in the endometriosis group was weaker ( Fig. 2A ). Flow cytometry showed increased JC-1 monomer signal and decreased JC-1 aggregate signal in endometriosis GCs compared with control GCs (Fig. 2B ). Quantitative results from FCM confirmed that the relative MMP ratio was significantly decreased in endometriosis GCs compared with control GCs (Fig. 2C , P < 0.001). The reduced ATP levels in fresh collected GCs from endometriosis patients compared with control GCs indicated mitochondria dysfunction and energetic crisis in endometriosis GCs ( Fig. 2D , P < 0.05).
Transmission electron microscopy revealed strikingly increased numbers of mitochondria with structural abnormalities in endometriosis GCs compared with control GCs (Fig. 2E ). The proportion of abnormal mitochondria in GCs samples from 6 control patients and 6 endometriosis patients was 5.17% and 13.33%, respectively ( Fig. 2F , P < 0.01).
Cumulus GCs from endometriosis patients show OS and senescence as well as ER stress and impaired UPR
To further explore the pathologic changes of GCs in endometriosis, we conducted RNA sequencing (RNA-seq) and combined gene-set enrichment analysis (GSEA) in GCs samples from four control patients or GCs samples from five endometriosis patients. RNA-seq normalized data were subjected to principal component analysis (PCA) by an unsupervised method to explore the variance in the mRNA dataset; PC1 and PC2 visually separated endometriosis GCs and control GCs as two distinctive clusters (Fig. 3A ). We found that 411 genes were significantly up-regulated and 282 genes were significantly down-regulated in GCs from endometriosis patients compared with control GCs (fold change > 2, corrected P value < 0.05) ( Fig. 3B and C) .
GSEA results displayed that functional genes from "cellular response to oxidative stress" was abundantly enriched in endometriosis GCs, while antioxidative genes from the "glutathione metabolism" set were just enriched in control GCs (Fig. 3D with normalized enrichment score NES = 1.400, P < 0.05; Fig. 4E with NES = −1.189, P < 0.05), consistent with our previous results. Additionally, "regulation of cell aging," "cell aging," "cellular senescence" and "SASP" gene sets were enriched in endometriosis GCs (Fig. 3F with NES = 1.237, 1.195, 1.208, and 1.550, respectively, P < 0.05), which also confirmed the senescent phenotype of endometriosis GCs.
GCs function maintenance requires ER correctly regulate protein synthesis, folding, maturation or destroy unfolded/misfolded proteins [27] . Oxidative burden linked to ER dysfunction and accumulation of misfolded proteins [12] and senescent cells often show perturbed ER proteostasis [28] . GSEA results revealed "endoplasmic reticulum calcium ion homeostasis," "ER associated ubiquitin dependent protein catabolic process," "ERAD pathway," and "IRE1 mediated unfolded protein response" function genes as enriched in endometriosis GCs with NES = 1.195, 1.390, 1.438, and 1.435, respectively ( Fig. 3G , P < 0.05). These results revealed that OS and cellular senescence as well as ER stress and UPR were enriched in endometriosis GCs. ; the left panel shows the correlation between oocyte retrieval number and sRAGE, the right panel displays the correlation between mature oocyte number and sRAGE; both P < 0.001. I. ELISA of IL-1β, MMP-9, KGF and FGF basic protein in FF (n = 30 for controls, n = 32 for endometriosis patients); ***P < 0.001, Mann-Whitney U; **P < 0.01, Student's t-test; **P < 0.01, Mann-Whitney U; **P < 0.01, Mann-Whitney U from left panel to right panel, respectively. J. SASP score was defined as the arithmetic sum of cumulative distribution probability of four differentially expressed SASP factors. Scatter diagram shows linear regression and significant Pearson correlation of SA βgal activity with SASP score based on ELISA results of four differentially expressed SASP factors (n = 32 for endometriosis patients); P < 0.01. K. Scatter diagram shows linear regression and significant Pearson correlation of oocyte retrieval number and mature oocyte number with SASP score results (n = 32 for endometriosis patients); the left panel shows the correlation between oocyte retrieval number and SASP score, the right panel displays the correlation between mature oocyte number and SASP score; both P < 0.001. L. Western blot of indicated proteins in GCs from control and endometriosis patients (n = 6 for control GCs, n = 7 for endometriosis GCs). GC, granulosa cell; Con, control group; EM, endometriosis group.
OS aggravates cell senescence and induced ER stress in GC lines
ER stress results in upregulation of heat shock 70 kDa protein 5 (HSPA5 or GRP78), phosphorylated inositol-requiring enzyme 1 (p-IRE1), UPR transcription factor C/EBP homologous protein (CHOP), spliced form of X-box-binding protein 1 [XBP1(S)], activating transcription factor 4 (ATF4) and activating transcription factor 6 (ATF6) [29] . GSEA results showed accumulation of misfolded proteins in endometriosis GCs, relative expression of several ER stress-associated genes based on RNA-seq reads implied a tendency for upregulated GRP78 and IRE1 in endometriosis GCs, though a statistical difference was only observed with IRE1 gene expression ( Fig. 4A ; P < 0.05). Western blot showed that the ER stress chaperone (GRP78) and UPR activators (p-IRE1 and CHOP) were significantly increased in endometriosis GCs compared with control GCs (Fig. 4B, Supplementary  Fig. 2F ; P < 0.05), consistent with RNA-seq and GSEA results.
To clarify whether OS-induced cellular senescence is involved ER stress in GCs in vitro, we used H 2 O 2 to generate ROS in GC lines KGN and COV434. Western blot revealed increased p16, p21, and p-H2AX protein expression and upregulated GRP78, p-IRE1 and CHOP protein levels in GC cells treated with H 2 O 2 (Fig. 4C, Supplementary Fig. 2G ; P < 0.05). Moreover, increased SA β-gal activity was observed after H 2 O 2 treatment compared with controls, indicating ROS effectively induced GCs senescence and caused ER stress in vitro (Fig. 4D ).
ER stress inhibitor protects GCs from OS-induced senescence, MMP reduction and ATP crisis
As mentioned above, senescent GCs in endometriosis may derive from mitochondrial or ER dysfunction as consequences of OS. To investigate whether reduction of ER stress could attenuate OS-induced cellular senescence in GC lines, we used the ER stress inhibitor tauro ursodesoxy cholic acid (TUDCA). Pretreatment with TUDCA for 12 h significantly rescued H 2 O 2 -induced SA β-gal activity increase in GC lines (Fig. 4D ). While H 2 O 2 treatment decreased ATP levels ( Fig. 4E , P < 0.05), TUDCA pretreatment partly rescued ATP levels ( Fig. 4E , P < 0.05). Furthermore, while immunofluorescence showed stronger green JC-1 monomer signal and weaker red JC-1 aggregate fluorescence in H 2 O 2 group compared with control group, TUDCA pretreatment decreased green JC-1 monomer signal compared with H 2 O 2 group (Fig. 4F ). H 2 O 2 treatment reduced the relative MMP ratio compared with controls (( Fig. 4G, P < 0.05) , while the relative MMP ratio was significantly increased after TUDCA pretreatment compared with H 2 O 2 treatment ( Fig. 4G, P < 0.05) . TUDCA pretreatment rescued ER stress- 
gene transcripts in GCs from endometriosis patients and control GCs to gene sets in GSEA Molecular
Signatures Database (MsigDB); genes with expression levels closely associated with endometriosis (E) or control (C) group are located at the left or right edge of the list, respectively; Y-axis of enrichment plot, value of the ranking metric; X-axis of enrichment plot, the rank for all genes. Bottom: plot of the ranked list of all genes; the peak score of the enrichment plot represents the enrichment score (ES) for this gene set. D. Genes in endometriosis GCs were significantly enriched in the "cellular response to oxidative stress" gene set. E. Control GCs showed enhanced genes in the antioxidative "glutathione metabolism" pathway. F. GSEA revealed enrichment of endometriosis genes in "regulation of cell aging," "cell aging," "cellular senescence" and "SASP." G. Genes of "endoplasmic reticulum calcium ion homeostasis," "ER associated ubiquitin dependent protein catabolic process," "ERAD pathway," and "IRE1 mediated unfolded protein response" pathways were also enriched in GCs from endometriosis patients. NES, normalized enrichment score; false discovery rate (FDR) of all sets were less than 25%. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) associated GRP78, p-IRE1, and CHOP expressions and down-regulated p16, p21 and p-H2AX expressions compared with H 2 O 2 -treated cells (Fig. 4H, Supplementary Fig. 2G ; P < 0.05). Our results suggest an ER stress-dependent mechanism in ROS-induced senescence of GCs.
Melatonin attenuates OS-induced senescence via upregulating antioxidase expression and suppressing ER stress in vitro
As ROS is the root of GCs senescence and due to the unclear reproduction toxicity of TUDCA, we investigated whether antioxidants could attenuate OS-induced ER stress and senescence in GCs. Melatonin, a stable robust antioxidant, has shown promising clinical applications in aging-related diseases and is believed to delay ovarian aging by multiple mechanisms [30] . Pretreatment with melatonin for 8 h significantly rescued the H 2 O 2 -induced SA β-gal activity increase in KGN and COV434 cells (Fig. 5A) . Moreover, the ROS-induced reduction of ATP levels was rescued by melatonin pretreatment (Fig. 5B; both P < 0.05). Melatonin pretreatment significantly rescued MMP levels via reducing JC-1 monomers and upregulating JC-1 aggregates (Fig. 5C ). ROS-induced reduction of relative MMP ratio was significantly rescued after melatonin pretreatment ( Fig. 5D ; both P < 0.05). The anti-oxidative and anti-aging effects of melatonin were confirmed at molecular levels, as melatonin upregulated anti-oxidase iNOS and SOD1 expressions, suppressed ER stress-associated GRP78, p-IRE1, and CHOP expressions and decreased senescence-associated p16, p21 and p-H2AX expressions compared with H 2 O 2 treatment group ( Fig. 5E, Supplementary Fig. 2I ; P < 0.05).
Melatonin alleviates OS-induced fertility decline via suppressing ER stress and restores GC antioxidative function in vivo
We showed that melatonin effectively suppressed ER stress and alleviated GC senescence in vitro, and we previously demonstrated that antioxidants effectively alleviate endometriosis progression [19] . We next explored whether melatonin recovers antioxidative function of GCs in ovaries of an endometriosis mouse model. Classical endometriosis-like lesions were successfully formed in the endometriosis mouse group (EM) and melatonin pretreatment group (EM + Mela); no ectopic adhesion lesions or inflammation were observed in the shamoperated group (Fig. 6A) . Notably, endometriotic lesion sizes were significantly smaller in the EM + Mela group than in the endometriosis group ( Fig. 6A and B ; P < 0.001), although the detailed mechanism needs further research.
The flow chart of mouse experiments is shown in Supplementary  Fig. 1 . We next used 3-nitropropionic acid (3-NAP), an agent used in rodents to evoke and maintain high ROS levels in vivo, to establish an OS mouse model [31, 32] .
The delivery times of mice in Con, Con + Mela and 3-NAP + Mela groups were 8 within 6 months, but the delivery times of mice from 3-NAP, EM and EM + Mela groups were 7 within 6 months. Mice from Con, Con + Mela and 3-NAP + Mela groups took 21 days to produce the first pups, while mice from 3-NAP, EM and EM + Mela groups took 30 days ( Fig. 6C , P < 0.05 vs. control group), though no significant delay of production was observed after the first delivery between groups. The average number of offspring over a 6 month period was significantly decreased in 3-NAP and EM groups compared with the Con group ( Supplementary Fig. 2J , both P < 0.05 vs. Con), while the average number of pups within 6 months in groups treated with melatonin (Con + Mela, 3-NAP + Mela and EM + Mela groups) was significantly increased compared with paired non-melatonin groups (Con, 3-NAP or EM groups) ( Supplementary Fig. 2J, all P < 0.05) .
During the first 3 month period after pairing, the average pup number in each delivery was significantly lower in the 3-NAP and EM groups than in the Con group (Fig. 6C , both P < 0.05 vs. Con); the increased pup number per delivery in Con + Mela group compared with Con group did not reach significant difference. Moreover, in the first three months, the average pup number of each delivery in the 3-NAP + Mela and EM + Mela groups was significantly larger than in the paired 3-NAP and EM groups ( Fig. 6C; both P < 0.05), but no statistic difference was found in the number of pups between paired groups (Con vs. 3-NAP, Con vs. EM, Con vs. Con + Mela, 3-NAP vs. 3-NAP + Mela, EM vs. EM + Mela) after 3 months of mating. No significant fluctuations were detected in average pup weight at the time of weaning ( Supplementary Fig. 2K ).
Immunohistochemistry showed that iNOS and SOD1 expressions in mouse ovary GCs in endometriosis group were decreased compared with controls, while GRP78, p-IRE1, CHOP, p16, p21 and p-H2AX expressions were increased ( Fig. 6D and E; P < 0.05 EM vs. control group). Melatonin-treated EM mice showed increased iNOS and SOD1 expressions and decreased GRP78, p-IRE1, CHOP, p16, p21 and p-H2AX expressions compared with the EM group ( Fig. 6D and E ; P < 0.05). Mouse ovary GCs from the 3-NAP group showed weak iNOS and SOD1 expression, but positive GRP78, p-IRE1, CHOP, p16, p21 and p-H2AX expressions ( Fig. 6E ; P < 0.05, 3-NAP vs. Con), indicating that ROS resulted in ER stress and finally induced senescence of GCs in vivo. Notably, melatonin significantly rescued 3-NAP-induced iNOS and SOD1 reduction and decreased ROS-generated GRP78, p-IRE1, CHOP, p16, p21 and p-H2AX expressions ( Fig. 6E , P < 0.05, 3-NAP + Mela vs. 3-NAP). In the sham-operated group, melatonin significantly increased mouse GC iNOS expression compared with control group and slightly decreased GRP78, CHOP and p16 expressions, though no significant differences were found in SOD1, p-IRE1, p21 and p-H2AX expressions ( Fig. 6E , P < 0.05, Con + Mela vs. Con). These data indicate that melatonin can delay senescence of GCs in endometriosis and reduce endometriosis-associated fertility decline via suppressing ER stress in vivo.
Discussion
Oxidative damage results in compromised follicles in endometriosis linked to fecundity decreases [3, 4] , though the detailed mechanism is unclear. Here we provide direct evidence of excessive ROS in endometriosis GCs and revealed ROS induced GCs senescence eventually contributed to endometriosis-associated infertility. Moreover, ROS induced GCs senescence via activating ER stress and harm mitochondria function, and senescence associated SA β-gal activity in endometriosis GCs, sRAGE expression in endometriosis FF and differentially expressed SASP factors based SASP score in endometriosis are all significant correlated with oocyte retrieval number and mature oocyte number of endometriosis patient.
It's the first time that GC senescence has been concerned and proved in endometriosis-associated infertility. Previous studies considered GC apoptosis as an important reason of compromised follicle quality and adverse ART results in endometriosis [33] . However, no studies examined the aberrant senescence-associated secretory phenotype in endometriosis FF. Increased AGE/sRAGE ratio in FF was recently reported as associated with activation of the UPR in GCs and led to decreased oocyte developmental competence [34] , consistent with our results.
To date, no evidence has demonstrated telomere shortening in endometriosis GCs and robust telomerase has been detected in endometriosis endometrium and ectopic lesions [35] , as well as greater telomere content in peripheral blood from endometriosis patients [36] . Our results revealed excessive OS and DNA damage in GCs from endometriosis patients, which led us to speculate that OS induced senescence of GCs in endometriosis. Additionally, the reduced iNOS and SOD1 levels in endometriosis GCs, the defective mitochondrial function of endometriosis GCs, and the accumulation of sRAGE in endometriosis FF were consistent with pathologic changes of GCs from older women (over 38 years) who suffer from OS injury [2, 18, 37] .
Activation of ER stress in GCs leads to impaired cumulus-oocyte complex maturation, follicle apoptosis, follicle metabolic disturbance or ovarian fibrosis [29, 38, 39] . We found significantly increased ER stress marker expression and decreased MMP ratio and ATP production in GCs from endometriosis patients. As the ER stress inhibitor efficiently protected GCs from H 2 O 2 -induced senescence and mitochondrial dysfunction in vitro, we suspected an ER stress-dependent mechanism of GCs senescence in endometriosis, although we cannot completely rule out that it may be a concomitant event.
The ER stress inhibitor TUDCA is a taurine conjugate of ursodeoxycholic acid that is mostly used for cholestatic liver diseases. However, due to its cumulative toxicity and unknown risk of damage in reproductive system, we chose the safer antioxidant melatonin to explore potential clinical treatment of endometriosis. Melatonin, a pleiotropic endogenous hormone produced by the pineal gland, effectively reduces OS under multiple circumstances by a direct free radical scavenging mechanism or by indirectly upregulating antioxidant enzymes [40] . Melatonin exerts protective functions against aging-induced fertility decline by preserving mitochondrial cardiolipin integrity, enhancing mitochondrial antioxidant activities and maintaining mitochondrial redox balance [41, 42] . In addition, melatonin not only improved mouse GCs viability by suppressing ER stress markers GRP78 and CHOP [43] , but also promoted porcine cumulus cell expansion and oocyte meiotic maturation during in vitro maturation by reducing ER stress [44] . In our study, melatonin not only rescued antioxidase expression, inhibited ER stress, delayed GCs senescence and improved fertility in the endometriosis mouse model, but also alleviated 3-NAPinduced OS and increased fertility of mice in the 3-NAP group, although melatonin did not shorten the delay of first birth in endometriosis mice. Together this suggests that the antioxidant protective function of melatonin may be a promising adjuvant therapy to reverse OS-induced fertility decline in endometriosis.
The samples size in our RNA-sequencing was small and more samples are needed for further verification. Though we considered ER stress as a robust cause of GCs senescence in endometriosis, more precise signaling pathways should be explored in the future. In our current study, we just proved that GCs from endometriosis (including early and advanced stage endometriosis) had completely different pathological changes compared with control GCs, a depth comparison of disease stages on GCs function is appreciated in the future. In conclusion, GCs in endometriosis showed most senescent characteristics, such as excessive OS, increased ER stress, and mitochondrial dysfunction-associated reduction of MMP and ATP. Although our results suggest that melatonin may represent a promising strategy for endometriosis adjuvant therapy via alleviating OS-induced GCs senescence, as a versatile compound, melatonin deserves more attention to clarify its role in fecundity improvement of endometriosis and in clinical application. And more research is needed to clarify the mechanisms that underlie GCs senescence in endometriosis.
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